We report the synthesis of single crystals of a metallorganic coordination compound, ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔, where bipy is 4,4Ј-trimethylene bipyridine, which is capable of producing white light as a single component. The coordination compound was crystallized by the hydrothermal synthesis of zinc chloride and bipy ligand, and the structure was determined by single-crystal x-ray diffraction refinement. The ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ coordination complex crystallizes into a monoclinic crystal system in the P2 1 /m space group. The coordination compound is a distinct single-component, white-light-emitting phosphor upon excitation by UV-light-emitting diodes. The internal quantum efficiency was found to be 32%. The crystal structure and photoluminescence properties of the coordination polymer are discussed. There have been tremendous efforts in the development of whitelight-emitting diodes ͑WLEDs͒ because of their long lifetime, energy savings, and good potential for lighting applications which might soon replace existing illumination sources.
There have been tremendous efforts in the development of whitelight-emitting diodes ͑WLEDs͒ because of their long lifetime, energy savings, and good potential for lighting applications which might soon replace existing illumination sources. [1] [2] [3] Different approaches have been developed in order to fulfill the requirements of this application, which depend on the structure of the host as well as the mechanism involved in the phosphorescence produced. The earlier strategy for the WLED generation developed by Nichia utilized blue LEDs, such as a InGaN chip, in combination with a yellow phosphor such as YAG:Ce͑III͒. 4 However, this phosphor faces serious problems of thermal quenching, poor color rendition, and a narrow visible range. As an alternative, an approach has been suggested which utilizes vacuum or near-UV excitation instead of blue LED in combination with red, green, and blue phosphors to generate white LED. 5 Most of these approaches rely on the use of a combination of several emitting phosphors to improve the color rendering, which can fully span the entire visible spectrum. The choice of the phosphor in the UV LED for white light depends on its high quantum efficiency, absorption under long-wavelength UV radiation, and ability to withstand high temperatures generated during the LED action without compromising the luminescence. However, because of the serious drawback related to the individual lifetime there is need for the development of a single white-light-emitting component.
Recently, there has been great interest in the crystal engineering of two-or three-dimensional coordination networks due to the interesting properties of these materials such as catalysis, magnetism, and host guest chemistry. [6] [7] [8] In this regard, the oxalate-and bipyridine-type ligands are most commonly used in the formation of metallorganic coordination networks. The rigid rodlike spacer molecules, such as 4,4Ј-trimethylene bipyridine ͑bipy͒ and pyrazine, have been used extensively as building blocks for the potential construction of metallorganic coordination frameworks.
9,10 Chen et al. 11 have synthesized zinc͑II͒ polymeric compound, ͓ZnCl 2 ͑bipy͔͒ n , with a weavelike polymeric chain structure. Here we demonstrate another such unique coordination compound, ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔, where bipy is 4,4Ј-trimethylene bipyridine, which is a distinct single-component, white-light-emitting phosphor upon exposure to 378 nm UV light. It was prepared by hydrothermal synthesis of metal chloride and bipy ligand. The crystal structure of the coordination compound and its white luminescent properties are discussed in this article.
Experimental
Transparent ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ white crystals were prepared using hydrothermal synthesis from the reaction mixture of zinc chloride ͑1.3536 g͒, oxalic acid dihydrate ͑1.5437 g͒, 4,4Ј-trimethylene bipyridine ͑12.9476 g͒, and H 2 O ͑30 mL͒ in a Teflon-lined vessel ͑80 mL in volume and H 2 O was added to fill the vessel by 80%͒. The pH was adjusted to 2.5 by using HCl and the vessel placed in a furnace at 160°C for 7 days. White colored crystals of Zn-bipy were obtained as a single phase after 7 days. The crystals were collected and further analyzed by single-crystal X-ray diffraction ͑XRD͒ and photoluminescence measurements. For XRD measurements the crystal was mounted on glass fibers with epoxy cement. Data collection was carried out using a Brucker-Rucker-Nonius Kappa charge-coupled device ͑CCD͒ diffractometer with graphite monochromated Mo K␣ radiation at 298 K employing the -2 scan mode, and an empirical absorption correction by multiscans was applied.
Results and Discussion
The crystal structure refinement shows the monoclinic structure for ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ with P2 1 /m space group. The XRD pattern for the single crystal agrees well with the simulated XRD pattern for ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔. Table I shows the crystallographic data of ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔. The atomic coordinates ͑ϫ10 4 ͒, equivalent isotropic displacement parameters ͑Å 2 ϫ 10 3 ͒ of ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔, and selected bond lengths and angles for ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ are shown in Tables II and III , respectively. The structure of ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ has characteristic linear coordinative M-bipy-M-bipy chains all running in a parallel direction. Figure 1 shows the schematic of crystal structure and unit cell, which consists of onedimensional chains ͓Zn͑-bipy͔͒ bridged by coordinated 4,4Ј-trimethylene bipyridine ligand in a zigzag manner throughout the crystal. The Zn metal ion is divalent and has a slightly distorted tetrahedral coordination with two chlorine and two nitrogen atoms from the bridging bipy ligands at the corners of the tetrahedron. The 4,4Ј-trimethylene bipyridine groups coordinate in a bidentate manner to the Zn͑II͒ ions, in a trans fashion, with all N-Zn-N bond angles of 111.7°. All the pyridyl rings of every bridging bipy on the adjacent chains are strictly coplanar, and the Zn-N distance ͓2.0465͑19͒ Å͔ and Zn-Zn contact are also comparable to those found in several other zinc-bipy compounds. 12 These chains are packed as a MLMLML-layered structure in a zigzag manner nearly parallel to the ab plane of the crystallographic unit cell, which is further extended into 2D network structures by stacking parallel on each other along the c-axis through close face-to-face contacts, ex-hibiting a certain inclusion phenomenon. The structure of ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ ͑Fig. 1͒ can alternatively be viewed as containing bimetallic channels occupied by bipy organic ligand which crosslinks the Zn͑II͒ chloride ions to generate the two dimensional ͑2D͒ composite framework structure.
The excitation ͑monitored at em = 426 nm͒ and emission spectra ͑monitored at ex = 254, 311, and 378 nm͒ of Zn-bipy coordination compound are shown in Fig. 2 . The metallorganic polymeric compound can be excited by light with a wavelength ranging from 250 to 400 nm. An important feature of the metallorganic complex is that it showed white photoluminescence with emission maxima at 467 and at 487 nm upon photoexcitation at 311 nm, as shown in Fig.  2 . The mechanism for the white light emissions is difficult to understand, and more detailed experiments are required to investigate the exact mechanism for white light emission from the system. It is noteworthy that these emissions are neither metal-to-ligand charge transfer nor ligand-to-metal charge transfer in nature, because the Zn͑II͒ ion is difficult to oxidize or to reduce due to its d 10 configuration. The observed emissions in the present case can probably be assigned to the increase in the ligand conformational rigidity due to its coordination to the Zn͑II͒ atoms, which may cause a decrease in the nonradiative decay of the intraligand ͑-‫ء‬ ͒ excited state. We have measured the internal quantum efficiency of the ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ phosphor by using an integrating sphere. The internal quantum efficiency reflects the effectiveness of radiative recombination in competition with nonradiative radiation due to the presence of defects. An integrating sphere was used to measure the efficiency, which allows collection and measurement of all the highly divergent emitted light. The sample was placed inside the integrating sphere, where light emission was redistributed isotropically over an interior surface coated with a diffusely reflecting material. The absolute emission intensity measurements were then achieved by integrating the measured signal once the system is calibrated. The internal quantum efficiency for ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ was found to be 32%. Figure 3 shows the top and side views of the white LED, showing the white light emitted by ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ which is excited by UV LED ͑400 nm͒. The corresponding white LEDs with chromaticity coordinates of x = 0.328 and y = 0.328 have lu- Zn͑1͒  9622͑1͒  2500  2202͑1͒  32͑1͒  Cl͑1͒  10477͑2͒  2500  140͑1͒  43͑1͒  Cl͑2͒  12546͑2͒  2500  3884͑1͒  37͑1͒  N͑1͒  7475͑4͒  3813͑1͒  2405͑2͒  31͑1͒  C͑1͒  5527͑4͒  4067͑2͒  1548͑2͒  36͑1͒  C͑2͒  3960͑4͒  4916͑2͒  1690͑2͒  36͑1͒  C͑3͒  4397͑4͒  5563͑2͒  2742͑2͒  32͑1͒  C͑4͒  6427͑5͒  5296͑2͒  3618͑2͒  36͑1͒  C͑5͒  7896͑4͒  4432͑2͒  3427͑2͒  35͑1͒  C͑6͒  2826͑4͒  6520͑2͒  2925͑2͒  36͑1͒  C͑7͒  4343͑6͒  7500  2649͑3͒  32͑1͒ a U͑eq͒ is defined as one third of the trace of the orthogonalized U ij tensor. minous efficiency up to 18 lm/W and color rendering index of around 75, depending on the power of UV LED and content of the phosphor. The ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ phosphor is quite stable during the package temperature of less than 200°C.
Conclusion
In conclusion, the coordination compound ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ was crystallized by the hydrothermal method and the structure was determined by single-crystal XRD refinement. The ͓Zn 2 Cl 4 ͑-bipy͒ 2 ͔ coordination complex crystallizes into a monoclinic crystal system in the P21/m space group. The internal quantum efficiency was found to be 32%. The coordination compound is capable of producing white light as a single component. 
